Abstract -Telemetry is a technology that allows remote measurement and transmission of moving car information, allowing to collect a huge amount of data that are interpreted to ensure that car is performing at its optimum. In this research work, by using electronic modules and sensors available at very low costs, a reliable and accurate telemetry system was realized in order to monitor physical and mechanical parameters of a racing vehicle during its motion. Implemented data acquisition and wireless communication unit allows to collect, on board of vehicle, the temperature of engine compartment and cooling liquid, suspensions' extensions, vehicle speed and also its orientation and acceleration and to send wirelessly all these data to a base station, where are monitored by technical staff, so ensuring quick intervention in case of malfunctioning. STM32 Nucleo development board, heart of realized telemetry system, properly programmed with the developed firmware, acquires data from used sensors and, through a WiFi radio module, sends them to the base station; the data are also stored on a SD memory card to avoid data losses. Sparkfun CAN module is employed for this aim and to interface the engine control unit with ST Nucleo board. Experimental tests were carried out for verifying correct operation of realized system; by analyzing trends over time of monitored vehicle parameters as function of the vehicle movements, driving conditions and race track, the technicians ensure safety of pilot life and also an optimization of the vehicle performances.
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I. INTRODUCTION
Nowadays electronics field, even more open source, offers increasingly possibility to users and designers to create smart systems featured by high performance, advanced functionalities but low costs. These opportunities are becoming highly appreciated in the automotive field and in particular in the highly competitive environment of car races where the embedded electronic systems are playing an increasingly important role with the possibility to monitor and control, in real time and continuously, all phisical and mechanical parameters characterizing vehicle movement [1] [2] [3] , so allowing to safeguard pilot life and optimize the vehicle performances. Formula SAE was established by the Society of Automotive Engineers (SAE) in 1981 and consists of a periodically organized competition between academic teams, including the Salento University one, which compete in the design, construction and testing of prototype single-seater cars [4] .
A telemetry system, applied to a common or racing car, allows to monitor driving conditions and the physical and mechanical parameters values, to compare real-time these data and thus to intervene if some anomalies are present. In this research work, as shown in Figure 1 , the realized system is able to collect data related to the mechanical system and vehicle dynamics during its motion, and to send them, wirelessly, to a base station to be monitored, in real time, by the engineers. Different sensors mounted on vehicle are employed to detect the parameters of interest and exchange wirelessly these data through the telemetry electronic boards. Figure 1 . Image of the FSAE SRT16 single-seater prototype realized by Salento Racing Team with the mechanical system in evidence; the telemetry system, installed on the vehicle, sends the sensors data, related to the vehicle parameters, to the base station to be monitored.
The STM-32 X-Nucleo F411RE development board is the central unit of the realized electronic system; properly programmed with the developed firmware, it acquires the data provided by the sensors installed on vehicle and, by using a WiFi radio module, sends them to INTERNATIONAL JOURNAL ON SMART SENSING AND INTELLIGENT SYSTEMS, VOL. 10, NO. 4, DECEMBER 2017 a base station [5] [6] [7] [8] [9] . Here, another STM-32 Nucleo board, connected with PC via USB cable, receives the data by means of a further WiFi radio module and displays them on the PC terminal [10] [11] [12] . The detected sensors data are also stored, on board of the vehicle, on a SD memory card hosted by the Sparkfun CAN BUS module, thus allowing to have a robust and reliable telemetry system which keeps data even if the wireless transmission fails. The carried out experimental tests showed that realized telemetry system is able to acquire properly the sensors data related to vehicle paramaters and to send them to the base station. The received data are in accordance between themselves; the engine temperature values, vehicle speed, suspensions' extension are function of vehicle movements, driving and track conditions.
II. TELEMETRY SYSTEMS AVAILABLE ON THE MARKET FOR AUTOMOTIVE FIELD
Nowadays, vehicle tracking and telemetry systems are required by many companies operating in the car manufacturing with the aim to improve vehicle performences and provide high security and comfort levels for the pilot and passengers. Different telemetry systems exist in commerce, each of them with specific characteristics and costs. The advanced technologies have facilitated the realization of sophisticated but also reliable and robust telemetry devices.
Following, some of recent telemetry systems, developed by leader companies in the field, are described with their main technical features. The CAEMAX company developed a complex telemetry system, named D x , based on universal transmission modules that allow to carry out measurements using a multi-channel system and different sensor assignments ( Figure 2 ) [13] . digitizes the analog sensor signals for detecting temperature, strain gauge, acceleration, force and torque in the transmitter unit; furthermore, a redundant error detection ensures that only correct data are transmitted. The same transmitter can be used for different types of sensors (strain gauges, thermocouples, accelerometers) and for multiple acquisition channels.
Advanced telemetry systems for automotive applications are developed by KTM company;
these systems consist of 1-channel telemetry for rotating shafts, point-to-point telemetry,
rotating telemetry for wheels and rotors and thermo telemetry, each of them featured by
proper devices for the specific application [14] . For example, a torque sensor, produced by CAEMAX, is used on steering wheel, as shown in Figure 3 , for monitoring torque, steering angle and rotational velocity. It also can acquire acceleration in the center of the steering column (x, y and z directions) as well as the rotational acceleration. The measurement data are digitized with a resolution of 16 bits, reaching a precision of torque measurement of 0.1% FS. The maximum distance between transmitter and receiving antennas is about 10-20m, as declared by KTM company. Furthermore, the CTP4/8-Rotate telemetry enables an extreme high-speed signal transfer, up to 5Mbit/s; so, all channels can be transferred with an analogue bandwidth, up to 12kHz, very important in measurements of torque and vibrations [15] .
Magneti-Marelli is another company leader in the production of hi-tech telemetry systems for engine control and data acquisition (Engine Control Units, ECUs) as well as electro-hydraulic systems for gear box automation and control [16] . For telemetry related to racing vehicle ( Figure 5 ), sensors measure several parameters among which the number of laps or brakes temperature; the measurements are then sent to a data logger which stores them on an internal memory. Data are then transmitted via radio to the base station, for remote and real-time vehicle monitoring during the competition. The telemetry at this level is really sophisticated: a racing vehicle is monitored in all its parts, moment by moment; on a Formula 1 car, more than a thousand parameters are acquired, with sampling times ranging from one reading/sec to more than 100.000 readings/sec. The acquired data are related to many different parameters:
temperature of brakes, water-oil-fuel levels, engine operation (RPM value, fuel injection and pressure, ignition times), transmission and mechanical parts, pressure of hydraulic systems, as well as data coming from the chassis such as suspensions, pressure on aerodynamic parts, all data concerning transmission, tyres, stability, balancing under braking, etc. Figure 5 . Racing vehicle monitored via radio in all its parts; data received from base station are analyzed in real time by engineers (a) and a dashboard, produced by Magneti Marelli, for use either as a stand-alone display unit or as integral part of the data monitoring system (b).
All these information are downloaded at the end of the trial or race, or received in real time via radio and analysed by team experts. Figure 5 reports the dashboard, realized by Magneti
Marelli, for use either as a stand-alone display unit or as integral part of the data acquisition and monitoring system. The dashboard can communicate by a Controller Area Network (CAN) with a range of additional data loggers receiving and displaying data from the logger.
On-board, the Wi-Fi and BLE connection modules (with internal antennas) allow a large variety of connections, starting like PC/tablet link for setup and data analysis [16] .
Another leader company, Accumetrics, presents sophisticated telemetry systems where torque, temperature, vibration, and strain values can be transmitted off rotating shafts using reliable digital wireless techniques. Single and multi-channel systems, both induction and battery powered, allow to solve challenging automotive test requirements; as example, to measure average and high bandwidth torque phenomena, proposed device is the AT-5000 EasyApp ( Figure 6 ). It utilizes a small battery powered transmitter mounted using an aramid fiber strap to directly measure, digitize and transmit torque data from rotating half-shafts, drive-shafts and rotors. The system is also used for temperature, voltage, and acceleration sensing [17] . Telemetry system, developed by Accumetrics, uses a long life lithium battery to excite a strain gage and to power the AT-5000 telemetry electronics on the rotating shaft. The small signal resulting from torque applied to the shaft is amplified, filtered and digitized (typically at 11718 samples per second). The digital data are reliably RF transmitted off the rotating shaft to a nearby pickup coil, which is connected to a receiver. This last converts the digital data to an analog output voltage, with amplitude adjustable from ± 1 up to ± 10 Volts and frequency from 0 up to 1 kHz (or optionally higher), that can be provided directly to a data acquisition system, to a FFT analyzer for data/signal processing or to an oscilloscope for data viewing.
Many other companies, leader in the market of telemetry systems, produce increasingly advanced devices thanks to the research in this sector and to achieved technological advances in the last years. In the next paragraphs, the telemetry system realized in this research work is illustrated; it was realized, contrarily to the telemetry systems reported above, using devices available on the market at very low costs but able to implement a telemetry system robust and reliable, for monitoring of the main parameters of the competition vehicle during its motion.
III. PRINCIPAL BLOCKS OF REALIZED SYSTEM AND OPERATING MODE
The data acquisition and transmission section is the central unit of the realized telemetry The data detected by sensors are stored and sent wirelessly, through WiFi transmission module assembled on STM Nucleo board, as shown in Figure 8 ; the whole electronic system is composed of different modules described following, electronically interconnected and with specific features. One of these modules is the conditioning board that represents the interface between sensors installed on vehicle and the other modules; it is provided of two black connectors for sensors connection, two sockets for assembling of the STM Nucleo-F411RE
board and Sparkfun CAN-BUS module and of electronic components for adapting of the signals levels provided from sensors, as required by the Nucleo board input pins.  one MPU6050 gyroscope/accelerometer, located at center of the mechanical structure of vehicle, for detecting acceleration and inclination angles (i.e. pitch, roll and yawing), during vehicle motion. Thus, it is possible to control the vehicle weight distribution on the axes and so to adjust the suspensions system for improving the vehicle performances.
The sensors connected to the engine control unit and, through it, to the data acquisition board (namely the ST X-Nucleo board), are the following:
 one NTC thermistor for acquiring the cooling liquid temperature, thus monitoring the operating temperature of the mechanic sections;
 two Cherry GS1001 Hall effect sensors, located on the front and rear wheels on the left side of the vehicle, for determining the vehicle speed and any slippage between wheels.
These sensors are positioned perpendicularly to a particular gear wheel, named phonic wheel, united with vehicle wheel itself. In this way, Hall sensors detect the passage of each tooth of the wheel and, consequently, they keep track of the wheel angular speed.
The Sparkfun CAN-BUS module is used for interfacing ST Nucleo board and engine control unit and, in addition, to store detected sensors data on a SD memory card. DORJI DRF1278F
WiFi module is employed to transmit wirelessly acquired data to base station to remotely monitor, in real time, the principal vehicle parameters; WiFi module, a transceiver with LoRa modulation at 433MHz, is based on SX1278 IC provided by Semtech Corporation. Two DORJI DRF1278F modules are used, one installed on vehicle and interfaced with the Nucleo board for data transmission and the other connected to a further Nucleo board, communicating via RS232 with a PC, as receiver at the base station where data are processed and displayed to the technicians. In the next paragraph, the used modules and sensors are illustrated in detail.
IV. FEATURES OF USED DEVICES AND SENSORS, RELATED FUNCTIONING
The realized telemetry system is composed of different modules, devices and sensors; the technical features and circuital schemes of each employed sensor or electronic module are reported below, besides the connections between different sections of implemented system.
 STM X-Nucleo-F411RE development board
The STM Nucleo F411RE development board is the central unit of realized telemetry system [18] . STM Nucleo board can be fed through USB connection or by external power supply ranging from 3.3V to 12V; in this work, an external supply voltage of 9V, applied to V IN pin, is used.
Relatively to firmware development, it is performed on MBED development platform which allows the firmware programming totally on-line without software installation on PC; after the firmware compilation, the output executable file is downloaded by the on-line development environment and installed in the STM microcontroller through USB connection.
 Sparkfun CAN-BUS module
The Sparkfun CAN-BUS module, shown in Figure has an optimum mechanical reliability, key factor in environments with particularly adverse conditions, and IP65 certification related to resistance to dust and water [23] . Located close to vehicle suspensions, the potentiometers are provided, in the upper, of a self-aligning spherical joint which guarantees the optimal position for the extension. Used supply voltage is 3.3V and the output voltage is connected to the ADC input of the STM Nucleo board. With a maximum extension of 75mm, potentiometer provides an output voltage of 3.3V, instead at the minimum extension, 0V. As shown in Figure 11b , the potentiometer, in rest conditions, has a portion of the piston (37 mm) in protrusion, so it is possible to detect also the suspensions' contractions.
Considering a maximum extension of 60mm, the output voltage V OUT of each potentiometer varies from 0 to 2.64V; being the quantization interval amplitude q = 3.3V/2 12 = 0.8mV (12 bit ADC resolution), and ΔV OUT /q = 3300, the obtained resolution is 60 mm/3300 = 0.02 mm. HONDA 37870-MAT-E01 thermistor is employed for monitoring the cooling liquid temperature; it is a 440Ω NTC sensor typology with a resistance value of 440Ω at 25°C which decreases with temperature increasing. The thermistor is connected to the engine control unit, thus connection with Nucleo board takes place by exploiting the Sparkfun CAN-BUS module.
 CHERRY MEXICO GS1001 Hall effect velocity sensor
The operation of CHERRY GS1001 digital sensor is based on the Hall effect, able to detect presence of a magnetized metal object, thus providing an output voltage signal proportional to the magnetic field intensity. In the realized telemetry system, Hall effect sensor is located close to a phonic wheel attached to the vehicle wheel, as shown in Figure 12a ; by detecting the teeth presence/absence of phonic wheel during its rotation, it is possible to get the rotation speed. The sensor output signal consist of a square wave assuming high logic level (5V) in corrispondence of tooth passing and low logic level (0V) in the section between a tooth and the next (Figure 12b) . Therefore, by measuring the square wave period, it is possible to obtain the vehicle speed (range of interest from 0 to 200 km/h); the CHERRY GS1001 sensor has a maximum detection frequency of 15kHz, therefore fully satisfies specifications [24] . Sensor output is connected to the engine control unit in order to convert teeth number passing in front of Hall sensor per second, in vehicle speed value (km/h). In this way, STM Nucleo board receives, through the Sparkfun CAN module, directly the km/h value related to vehicle speed. 
(a) (b) (c)
As reported in the MPU-6050 inner block diagram of Figure 13c , the sensor features three 16-bit ADCs for digitizing the gyroscope outputs and three 16-bit ADCs for the accelerometer outputs; a further ADC is used for reading of on-chip temperature sensor [25] . For accurate tracking of both fast and slow motions, it is possible to set, in the programming firmware, different gyroscope sensitivity ranges (± 250, ± 500, ± 1000, ± 2000 degree/sec). For the accelerometer, the settable ranges are the following: ± 2g, ± 4g, ± 8g and ± 16g. In the developed firmware, setted values for gyroscope and accelerometer were ± 500 degree/sec and ± 4g respectively, an ideal choice in order to have a precise and accurate vehicle motion tracking. The MPU-6050 sensor features different registers to store acquired data as shown in Figure 13c ; communication with all registers is performed using either I 2 C protocol (used also, in this case, for communicating with ST Nucleo board) or SPI protocol (used with other MPU sensor modules). A V LOGIC reference pin (in addition to analog supply pin V DD ), can be used to set logic levels of I 2 C interface. In Figure 14 , the connection between the InvenSense MPU-6050 gyroscope/accelerometer sensor and the STM Nucleo board is shown; for the communication by means of the I 2 C interface, the STM Nucleo PB8 and PB9 pins were used. The generated chirp signal continuously varies in frequency; in this way, timing and frequency offsets between transmitter and receiver are equivalent, thus reducing the complexity of the receiver design [28] . The frequency bandwidth of chirp is equivalent to spectral bandwidth of the signal; obviously, at larger spreading factor, slower data rate corresponds, better receiver sensitivity and consequently longer potential communication range [29] . DRF1278F Wi-Fi radio module is featured by a frequency range of 433MHz and a data rate up to 300 kbps. In Figure 16 , an example of four bits (1001) sent with a spreading factor of 7, with the chip pattern for the digital value "1" and that for the digital value "0", is shown. Figure 16 . Example of sending bits using LoRa modulation with spreading factor equal to 7.
V. FIRMWARE IMPLEMENTATION IN ARM MBED ENVIRONMENT FOR MONITORING THE FORMULA SAE VEHICLE PARAMETERS
In Figure 17 , the flow chart related to the main operations performed by developed firmware is shown: as reported in its first section (Figure 17a ), first operations concern the initialization of the Sparkfun CAN-BUS and Wi-Fi modules; if this phase fails, a LED, located in the passenger compartment, is turned on. Then, the initialization operation is repeated and, if error occurs again, LED is turned on intermittently for warning user of modules malfunction.
Once carried out modules initialization, data are acquired from both sensors directly connected with ST Nucleo board and through the engine control unit (as shown in Figure 17b ). Also in this phase if in the reading operations errors occur, the user is alerted by related LED flashing. 
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The firmware is structured so that all acquired values, related to temperature, car speed, suspensions' extension, acceleration and so on are saved into TelemetryValues data structure, implemented for collecting data from all sensors, first to transmit them to the base station. The four LM35 temperature sensors are connected, through the multiplexer, to the PC4 analog pin of the STM Nucleo board; developed firmware, before to acquire analog value from sensors, manages the multiplexer for selecting, by using proper logic adressing, desired LM35 sensor for the reading operation [30] . Implemented mux_sel() function (Figure 19 ) allows, through the integer parameter n, to select the appropriate sensor as shown in table of Figure 18 . Figure 18 . Table with the index "N" used in the firmware to select, through the multiplexer, the desired LM35 sensor for temperature value reading.
The reading operation is performed by the read_temp() function, shown in Figure 19b ; it returns the temperature value expressed in °C. In the firmware section reported in Figure 19c on the contrary, the variables, in the data structure, will assume the value -1 (see Figure 21b ). By using the lora_receive() function, shown in Figure 25b , the transmitted data are received by the base station and subsequently displayed on PC connected, via USB cable, with the ST Nucleo board [31] [32] [33] [34] . The Radio.Rx() function, used for starting the data reception, is available on the mbed webpage in the proper section dedicated to DRF1278F WiFi module with embedded the SX1278 IC transceiver. As shown in Figure 25b , the data correctly received are copied and printed on the PC terminal for the technicians analysis, emptying subsequently the buffer, whereas, if there are errors a new data reception cycle is carried out.
VI. HARDWARE AND FIRMWARE TESTING OF USED SENSORS AND MODULES BEFORE MOUNTING THE TELEMETRY SYSTEM ON THE VEHICLE
In this paragraph, the different test phases, carried out for verifying the correct operation of each sensor and electronic module employed in the telemetry system, are illustrated. Finally, verification of the proper functioning of the complete realized system, assembled on board the vehiche, will be performed. In Figure 26 , the operation test of the IXTHUS potentiometer is shown; the sensor analog output was applied to ADC input pin (PA1) of ST Nucleo board, this last connected to PC, through USB cable, for serial communication. When potentiometer In this experimental test, the Hall sensor was directly connected to the ST Nucleo board for verifying its proper functioning but, in the realized telemetry system, Hall sensors are connected to the engine control unit and then, through the Sparkfun CAN module, to the Nucleo board.
(b) Figure 28 . Photos related to experimental tests for operation verification of the Hall effect sensors (a); the speed values acquired by the Hall sensors and displayed on PC (b) are in agreement with the rpm value measured, at the same time, by using a professional sensor (c).
Later, the functional test of the Sparkfun CAN module was carried out; for this purpose, the cooling liquid temperature was acquired during the engine operation, by means of the HONDA NTC thermistor directly connected to the engine control unit; then detected data, through the Sparkfun CAN module, were provided to the ST Nucleo board, to be analyzed and displayed by the PC. These data were also stored on the SD memory card for verifying the proper operation of the Sparkfun CAN module; both functions, related to data acquisition from NTC thermistor and data storage were successfully performed [36] [37] [38] .
Last functional test concerned the DORJI DRF1278F WiFi radio module operation; a simplex communication protocol was used (one module in transmission and the other in reception phase). The data packets were transmitted every 10ms; it was chosen a place with presence of some buildings, to test the WiFi transmission in the worst case, taking into account that, in the racing tracks, usually there are not buildings or interferences. By the perfomed wireless communication tests, the maximum distance between the transmitting and receiving WiFi modules to avoid data losses, was 1.2 km (see Figure 29) ; this result is satisfactory considering the presence of some buildings and that the distance target to reach was  600-800m. Received data show that the two Hall sensors, mounted on the two wheels, are functioning properly; in fact, the two curves are overlapped, reporting rpm speed for both rear and front wheels. In some intervals, for example between 320 and 360 seconds, a slight slip is present due to uneven asphalt conditions, to pilot maneuvers or if vehicle is going through a curve.
Received data confirm also the proper functioning of the IXTHUS linear potentiometers, thus allowing to establish the behavour of vehicle suspensions and therefore to monitor their integrity and road conditions. The linear potentiometers are directly connected to the STM Nucleo board; it acquires the analog signals provided by potentometers and, after a processing phase to obtain the extension value expressed in mm, by using the WiFi radio module, it sends the extension data to the base station. Figure 32 Thus, data are properly acquired by the data acquisition and wireless communication system, installed on the vehicle, and correctly sent to base station to be plotted as shown in Figure 33 . and finally, the yaw is the moment about the axis protruding through the roof of vehicle (the Z vertical axis in blue colour). Thus, yaw angle detects the curves of road crossed from vehicle.
As reported in the paragraph IV, the MPU6050 sensor consists of three independent vibratory MEMS rate gyroscopes, which detect rotation about the X, Y, and Z axes. When the gyros are rotated about any of the sense axes, the Coriolis Effect causes a vibration that is detected by a capacitive pickoff transducer, as explained in the datasheet [25] . The MPU6050 sensor, after a processing phase of acquired rotational data, provides the angular velocity expressed in deg/sec. The Figure 37 reports the values, as acquired and processed from the MPU6050 gyroscope / accelerometer sensor, of the angular velocity related to the yaw axis. A yaw rotation is a movement around the yaw axis of a rigid body that changes the direction it is pointing, to the left or right of its direction of motion (as shown in Figure 36 ). The yaw rate or yaw velocity of a vehicle, aircraft, projectile or other rigid body is the angular velocity of this rotation.
Therefore, by comparing the obtained curve with that related to vehicle speed (Figure 31 ), it is clearly visible, for example around 280 seconds, the speed decreasing and contemporary yaw angle variation, indication of the presence of a curve; this is also highighted in other points of the yaw and speed curves (e.g between 180 and 190 seconds or from 480 to 500 seconds). 
VIII. CONCLUSIONS
The Salento racing team, a group of researchers and students of Salento University, realized the SRT16 prototype single-seater car to partecipate to the Formula SAE races. In this paper, the related telemetry system was presented, able to monitor in real time and continuously the physical and mechanical parameters of the vehicle moving, by a remote base station. The 
